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論文内容要旨
Thetemperature-dependentstableisotopefractionationbetweencoexistingphasesisthe
mostimportantbasisforoxygenisotopegeothermometry.Especially,theoxygenisotope
 ratlooρ80/160hasbeenmostwidelyusedingeosciencesbecεしuseoxygenisthemost
 abundantelement(～50wt%)inmanyminerals(silicates,carbonates,andoxides).
 However,seriousprobiemsareoftenencounteredinapplica七ionsofoxygenisotope
 geochemistrybecauseoftheuncertaintiesinexperlmentallyandtheoreticaエ1y(ietennined
 fractiona七ionfactorsforcoexistingmineralsillequilibrium,andunsolvedstableoxygen
isotopebehaviorsduringcrystallization.Theoxygenlsotopezonillgs,whichhaverecently
beenrecognizedinmanymhlerals(garnet,quεlrtz,andcaicite),areoneofthelmportant
phenomena.Theoxygenisotopezoningscanprovideveryimportantinformationabout
physlcalandchemicalconditionsduringcrystallizationprocesses.Andalsotheapplications
incorporatingoxygenisotopemicrozoningmustbecomepowerfultoolsformanypetrological
andmineralogicalstudies.However,theformationprocessesandmechanismsofoxygen
 isotopezoningares七illpoorlyunderstood.Therefore,bothanalyticalandexperimental
a.pproachesarenecessarytobecarriedoutforinterpretingthegeologicalinformation
recordedinminerals.
Themaingoalofthisstudyistoun(ierstandthe(ietailedmechanismsofoxygenisotope
partitions(equilibriumanddisequilibrium)betweencompoundsunderawiderangeof
geologicalconditions,especiallybetweensilicatecrystaisandsilicatemelts,betweensolute
andmineralsurfacelnaqueoussoiutions.TheabovegoalwiHbeapproachedfrom;
 (1)analysesofmicroscaleδ!℃varlationsinanorthitemegacrysts,coexistingoユivine,and
 giassfromseveralvolcanoes;(2)compuむersimulaしionsonvariouskineticmodelsofcrysta1
 9rowth;(3)experi!]・entalilwestigaLlonsofoxygenisoしopebehaviorsduringcrystallizationof
 anorthitefromitsmeltandforsteritefromabasalticmeit;(4)experimentalinvestigaむlonsof
 oxygenisotopebehaviorsduringadsorptionofphosphateionsonironhydroxi〔ies.These
 analyticalapproacheswillbefocusedonahypo七hesisthattheoxygenisotopecharacteristics
 ofcrystalsaremosdycontrolledbyvariousprocessesaLtheinterfacebeむweengrowlng
crystalsandmelt(orsolution),suchastransportandadsorptlonofatomsandmolecules.
AnalyticalpotentialoftheCO21aserfluorinationtechniquefordetermillationofoxygen
isotopiccompositionofmineraiswasevaluatedfrommeasuremelltsofvariousrock-forming
 silicateminerals:quartz,anorthite,potassiumfeldspar,olivine,clinopyroxene、orthopyroxene,
biotite,andhomblende.TheanaiytlcalprecisionOfeachδ1℃measurementwasevaluated
fromthevariationinδ1℃valuesforsamplesofvarioussize.
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 Formostminerals,もhemeasuredδi℃valuesshowacurvilinearcorrelationwiththe
 amounむofexLractedO2.Thestandarddeviationofδ⊥80valuesformineraisappearsto
dependonthechemicalcompositionsofminerals.Mostreproducibleδ]δOvalueswiththe
 1σvaluelessthan±0.1%owereobtainedfrommineralswhichconむainsapproximately～43
 wt%ofSiO2,suchasanorthitean〔iolivine.Quartz(SiO2=100wt%)showedleastreproducible
δ180values.ThissuggeststhaLtheprecisionofaδt80measurementbythelaser
fluorinationmethoddependsonmeltingtemperatureofminerals.
 TheuseofaplateofCVD(chemicalvapordeposited)diamondinsむeadofgraphiteas七he
 converterofO2toCO2inthelaserfluorinaむion(LF)systemwasfoundtosigniflcantly
 improvetheaccuracyof三nsituδi80analysesofmicrosamples.丁員emajoradvanむagesof
CVDdiamondovergraphiteareafasterrateofconversionofO2toCO2(1.52vs.0.29μ
 mole/㎡・sec)andsmallerfractionationofoxygenandcarbonisotopesdurhlgconversion.
 Inbothconversionmethods,themeasuredδ℃valuebecomescontinuousユysmaller七hanthe
 trueδ180vaiuewithdecreasingamoしmtofCO2beliowacritlcalamou11し(9.5μmoleforむhe
graphiteconvertervs.3.7-5.7μmoleforthediamondconverter).However,agoodcorrelation
betweenthemeasuredδi℃valuesandtheamountsofCO2evenintherangeof1-5μmole
 makesitpossibleしocorrectthemeasuredδ田Ovaluestothetruevalueswithin
 ±0.08%oforanysamplesw三th>1.0μmoieofO2.ThehighperformanceofCVDdiamondin
 δ上80analysescanbeattribuLedtothecharacteristicsincombustionmechanisms.Laser
 RamanspectrophoしometryonacombustedCVD〔iiamondbasrevealedthaむ嶺esurface
layersweretransformedLographite.Theamountofreactivecarbonproducedduringthe
diamond,graphitetransformationcausedbydiamondcombustionmaybemuchlessthallthat
produceclbyheatedgraphiterod,thusprodueinglesseramountofCOinthediamond
system.
 UsingthisimprovedCO21aserfluorinationtechnique,microscale昼eむerogeneityofoxygen
isotoperatio(1℃/160)wasinvestigatedonsillglegraillsofanorthitemegacrysts(1-4cIn)in
 tholeii七icbasalしsfromtheKuLtara,Miyake-jimaandHachijo-jimavolcanoesoftheJapanese
islandarc.Thecationrat.ios(e.g.,Ca,Na,andMg)oftheseanorthitemegacrystsare
 mostlyhomogeneousandoftheend-membercomposition.However,しheδ上80valuesofthese
 anorthiむecrystalsgenerallyexhibiLmorethan1%ovariationswitbsimpletocomplicated
 zoningpattems.Twoanorむhitecrystaユsfroi/lKuttarashowsimplezoningpatternsof
 decreaslngδ!℃values:from6.8%。aむthecoreto5.5%。aしtherimlnonecr)rsLai,andfrom
5.9%oto4.9%oinanothercrystal.Theδ180valuesofohvineinclusionsintheseanorthite
 crystalsrangefrom6.1to4.6%o.Computersimulationsoftl]edevelopmenむsofδ」80profiies
 throughcoexistingoiivineandanorthitecrystalswereperformedbasedontheRεしyleighand
 diffusionmodels.Theresultsofsimulationssuggesもthaしasimpleδ180zoningpattern
 observedinaKuもtaraanorthitedeveiopedthroughoxygenisotopeexchangebeむween
 anorthiteand・hvinein～5,000yrsat～1,200℃.Thistimemaycorrespondtotheresidence
 むimeforしhephenocrystsinthemagmachamber.
 Ananorthiむemegacrys七fromHachilo-jimaandtwomegacrystsfromMiyake-jimaexhibit
complicatedoscillatoryzoningsofδ180values.Theδ180ranglesare4.8to6.2%oforthe
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Hachijo-jimaallorthiteand4.3to7.1%ofortheMiyake-jimaanorthites.Theδ180promesof
anorthitemegacrystsfromtheMiyake-jimasuggestisotopedisequilibriumbetweenthe
 Phenocrystsan(isilicatelnelts.Theobserve(iδ180varlationsaredifficu1七toexplainby
simplechangesillphysicalandthermalconditionsofchemicallyhomogeneousmagmas,but
maybeexplainedbyapplicatlonoftheBPSmodel(BurtoneLaL,1953a)thatwasdeveloped
toexplainoscillatorychemicalzonings.Theδ180heterogeneiLyinthephenocrysLsmay
havedevelopedfromfluctuatinggrowthrates.Therefore,oxygenisotopemicroanalysisofa
singlecrystalcanrevealthedetailsofphysicalandthermalhistoryofcrystals.
 Anorしhi七emegacrystsfromthePacayavolcano,Guatemalawerechemicallyalld
isotopicallyinvestigatedbymicroanalyticalmebhods.Ananorthitemegacrysthasdeveloped
 sevenzonesandsixringsofmeltinclusions.Atthebeginningofeεlcllzone,theNaconLen七
 〇fanorthiteisalwaysincreasedandεしccompaniedwi七hmanymeltinclusions.Theδ180
valuesofanorthiteintheNa-spikeandmeltinclusion-richpartsarefrequentlyincreasedto
 6-6.5%ofrom～5.5%oinlow-Napartsofanorthite.Thechangeswithtimeinphysicaland
 chemicalcharacteristicsofthemagmaareestimatedfromthechemicalcomposi七ionofthe
meltinclusions.Thechlorinecontentofmeltinclusionssuccessivelydecreasedfromtheinner
toouterzones,suggestingthattheanorthitecrystalgrowthwaspromotedbyepisodical
voicaniceruptionsaccompaniedwithdegassing.Theoxygenisotopepartitionsbetween
erystalandmeltcouldhavebeendisturbedbyrapidcrystallizationpromotedbydegassingof
themagma..Therefore,changesinphysicalconditionsofmagmasmayaffectthecrystal
growthconditionsandalsotheoxygenisotopepartitionsbetweenmeltsandcrystals.
Dynamicmagmadegassingappearstobeanimportantreasontoproduceisotopezoningin
phenocrysts.
PlagioclasephenocrystsfromtheUnzenandSambevolcanoes,andapumicefromthe
Norikuravolca.no,Japanwerechemicallyandisotopicallyinvestigatedbymicroanalytical
 methods.Plagioclasephellocrys七sfromtheUnzenvolcanoeshavedevelopedmanychemical
 zol霊ngsthatsuggestcrysta111zatiollduringInagmamixing.TheUllzenplagiodasecrysもals
 exhibitosc田atoryzoningofδ]BOvaluesfrom6.2to9.5%o.T}〕echangesintheδ180values
 sometimescorrelatetothoseofCa,Mg,Sr,andKcontenむs,ThecorrelationbetweenCaor
 Mgandδ[80-spikescanbeinterpre七edastheresultsofslmplemixingofamaficmagma
 intoafdsicmagma.ThecorrelationbetweenSrorKandδ]80pea1〈smayhavebeen
resultedfromcontaminationofcmstalrockstotl]eUnzenhostmagma.Azonedplagioclase
 fromSambewasalsofoundtohavesimilareorrelationsbetweentheδ180variation(6、Oto
7.0%o)andthechemicalvariations,Theδ1℃analysesofabandedpumicefromthe
NorlkuravolcanosuggestedtheimportanceofsimP]emlxingoflnagmasaswellas
 lnしerfacialcrystallizationofmicrolites.
Theδ1℃valuesofmagmasmaybedisturbedbymixingofmagmas.Therefore,the
processesofmagmamixingmaybereflectedinthecl]emlcalandisotopicvariationsinthe
plagioclasecrystalsandinthegroundmasses.
Theresultsofmicroanalysesofoxygenisotopicandchemicalcompositlonsofvolcanlc
 feldspars(Cha.pter皿一V)arecomparedtoeva.1uatetherelationshipsbetweentheδユ80
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(pH=6)
 1031nα、、,.、li瓢一2L22-L68・1α1/T2(pl-1-7)
 1031nα、d,,i、弼一21.61-L67・106/T2(PH-8)
 1031nα.、、、…ド35.13-2.88・106/T2(pH-9)
 Theequmbriumfractionationfaetorsare,therefore,sむrongiydependentonpHaswellas
temperatures.
Theδ180valuesweredeterminedonnaturalmarinephosphoritesaccompanyingiron-
manganesehydroxides(Fe-Mncrusts)andonthephosphatescavel/gedbyredciaysediments
 aroundむheMarlanaridgesystem.Theobservedδ1℃p。.lvaluesaresignificantlydifferent
 amongthesamples:16-29%。forPh・sphorites,13-25%。forredclaysediments.Thedifferences
 intheδ1℃川values,inthelightofthedataonequilibriumfractionationfactorsobtained
 fromthisstudy,canbeexpla1nedbythedifferenceintheadsorptionしemperatureandits
 characterisむicsofmineralsandvariouscrystallizεltionprocessesinmagmas.TheimporLant
processesinclude:(1)magmaconvection,(2)degassing,and(3)mixing.
 Toun(iers七andtheforma七ionprocessesofoxygenisotopezoninginminerals,oxygen
 isotopefractionationsduringcrystallizationofanorLhitean(iforsteritecrysしalsfromsilicate
melts(AnlooandAn5uDi30Fo2∩)werelnvestigatedfrommicrooxygenisotopeanaiysesofthe
 crystalsandglassformedun(ieravarietyofcoolingcondi七ions(△「r=0-220。C).Both
 crys七alsandglassexhibiむdistinctoxygenlsotopezon1ngs.Chemicaianalysesofthecrystals
 andglassinboththeanorthiteandforsteritesysLemshaverevealeddistinct〔iiffusionprof且es
 inthethicknessof～50μmacrosstheinterfaceofcrystal/melt.Incontras七,theoxygen
 isoLopeprofilesacrossthecrysta1/melしinterfaceshowedanextremelywidediffusive
 boundary工ayerneartheinterfaces.Thethicknessofdiffusioniayersdifferedbetween七he
anorthiteandforsteritesystems.Furthermore,theobservedδ1℃rangeinforsteritewas
 foundむobeproportionalto七hedeglreeofsupercoolings.Thissuggests七hatoxygeniso七〇pe
 varia七ionincrystalsisconしrolledbythecrysしailizationkine七lcsaswellasbytheequiiibrium
 temperature、Therefore,phenomenaofoxygenisoじopezoninglncrystaismaybefalrly
 commonduringnaしuralcrysLallizationprocessesundernon-stablethermalcond三もions.
 Tounderstandtheotherimportanceintheisotopicbehaviorsofatomsormoleculresa七the
 solidinterface,oxygenisotopefractiona七ioneffectswereexperimentallyexaminedinthe
 aqueoussystemaむIowむemperaむure,Oxygenisotopeeffecむsduringadsorpもionofphosphate
byironhydroxide(goethite)wereinvestigatedbythedifferentialisotQpemethodat
 conditionsof5-20℃andpHエ6-9.Theadsorptiondensities(μmole/㎡),undernear
 apparentequihbriumcon(iitions,werefoundto三ncreasewiしhincreasingしemperatureand
 decreasingpH.Thekineしicsofphosphateadsorptionindicatedtha七theadsorptionprocesses
progressedthroughthefollowingmechanisms:(1)diffusionaltransferofsoiutetothesolid
 inLerfacesininitialadsorptionsLage,foliowedby(2)microporediffusioninしotheadsorbents.
 Duringtheprogressionofむheseprocesses,theδi80valuesofdissolvedphosphatewere
 complicatedlyfractionaむedtowardlightervaluesbyabout1-4%o.Theequilibriumisotope
 fractionationfactorsbetweenadsorbedanddlssoivedphosphatespeciesinatemperaむure
 rangeof10to20。Cweredeterminedasfo110ws二
 10コ1nα、d,di田=12.20-0.97。10G//T2
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T kineむiCS.
 TheresultsfromthisstudysuggestthaL七heδ上℃valuesofsedimentalphosphatesmaybe
 usedasamonitorforむheinfluenceofsub11ユarlnehydrothermalactivityonoceanwater
chemlstry.
 Basedontheresultsfromabovestudies,itwillbesuggestedthatoxyg・ellisotopic
characteristicsofcrystaisaremainiycontrolledbyprocessesoftransportandadsorptlonof
 aむomsandmolecuiesneartheinterfaceofcrystalsandmelt(orsolution),Itwiilalsobe
 suggestedthatdetaHedstudiesofchelnicaユalldisotopiczoningsin∬1ineralswillprovide
 importantinformationaboutthephysica亙andchemicalprocessesinmeユt(orsoiution).
 一26一
l
i
 論文審査の結果の要旨
 共存する鉱物間の酸素同位体比を測定し,鉱物生成に関与した溶液(水溶液とシリケートメルト)の温
 度及び起源を求めようとする多くの研究がなされてきた。従来の研究法では,分析技術の制約により,対
 象とできる鉱物はマクロサイズのものに限られ,又,鉱物生成時は,マクロスケールで鉱物と溶液間の酸
 素同位体平衡が達せられていたという仮定に基づいてきた。本研究は,q)造岩鉱物の酸素同位体比のミク
 ロスケールの変化を測定可能とする分析方法を開発すること,(2)その分析方法を用い,火山岩中の斜長石
 及びオリビン結晶中の酸素同位体比の不均質性を調べ,その原因を明らかにすること,(3)シリケートメル
 トと斜長石及びオリビン間の酸素同位体分別効果を合成実験を通して調べること,及び(4)水溶液中に含ま
 れるリン酸イオンが水酸化鉄結晶に吸着される過程における酸素同位体分別効果を実験によって調べるこ
 とを直接の目的とし,(2)～(4)のデータを基にして,結晶成長過程において,溶液と結晶間における酸素同
 位体分別効果を支配する法則を明らかにすることを究極の目的とした。
 (1)の目的は,炭酸ガスレーザーマイクロプローブ法を用い,さらにその装置の酸素一炭酸ガス変換器を
 従来のグラファイト燃焼法からダイアモンド燃焼法に変えることによって達成された。新しい分析方法で
 は岩石から鉱物を分別することなく,その場で約100ミクロンの分解能,かつ従来より1ケタ高い精度で
 同位体比を測定することが可能となった。
 (2)の研究においては,多様な火山岩に産するすべての斜長石,オリビン及び石基ガラスにおいて,従来
 の常識より数十倍大きな酸素同位体比の不均質性が存在することを発見した。酸素同位体比と種々元素組
 成の変動との関連を調べることにより,結晶及びガラスの酸素同位体比の変動は,尉マグマ混合や脱ガス
 等によるマグマ組成の急激な変化によって起こる場合と,(B)均質なマグマの過冷却度の変化による結晶成
 長速度の変動による場合,とがある可能性を見い出した。{B)の可能性は,均質シリケートメルトからアノー
 サイト又はオリビンの結晶成長実験(目的3)を行い,その生成物についてのミクロスケールでの酸素同
 位体値の変動を確認することにより証明された。
 又,水酸化鉄とリン酸水溶液の実験(目的4)においては,水酸化鉄表面に吸着する過程で大きな同位
 体分別効果が起こることを発見した。上記(n～㈲の研究から,結晶の酸素同位体性質は,主に原子や分子
 の界面への運搬及び吸着過程によって支配されている可能性を明らかとした。この研究は,従来の平衡論
 的同位体化学を速度論的同位体化学に飛躍的に発展させうる画期的なものと高く評価される。本研究は,
 佐藤久夫が自立して研究活動を行うに必要な高度の研究能力と学識を有することを示している。したがっ
 て,佐藤久夫提出の論文は,博士(理学)の学位論文として合格と認める。
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